In mammalian cells, the intracellular levels of the neutral amino acids are regulated to meet the nutritional needs of the cells. The cellular levels of the amino acids are maintained by balancing the uptake of amino acids from the extracellular medium and the biosynthesis of certain of the amino acids, with the requirements of the cell for amino acids for protein synthesis and energy metabolism. The uptake of the neutral amino acids is carried out by several distinct transport systems, which differ in their reactivities with substrates. ions and inhibitors. The transport systems have been characterized kinetically and, more recently, these studies have included the characterization of the regulation of transport.
Mujor neutral amino mid transport systems
The neutral amino acid transport systems for animal cells have overlapping substrate specificities. Their identification has been aided by the use of non-metabolizable amino acid analogues that are largely restricted in their uptake to a single transport system. The Systems A and L were first identified in the Ehrlich ascites tumour cell (Oxender & Christensen, 1963) . System A is Na+ -dependent, and serves mainly for amino acids having short, polar or linear side chains, such as alanine, glycine and the non-metabolizable analogue N-methyl-2-aminoisobutyric acid. System A activity is decreased as the pH is lowered, and when intracellular levels of System A substrates are raised. The latter phenomenon is referred to as trans-inhibition (Christensen, 1975) . System L is most reactive with branched-chain and aromatic amino acids, such as leucine, isoleucine, valine, phenylalanine, tyrosine, tryptophan and the nonmetabolizable analogue 2-aminobicyclo-[2,2,l]-heptane-2-carboxylic acid. Transport System L is Na+ -independent, and relatively insensitive to pH. The transport activity of System L is greatly increased by the presence of intracellular substrates of this system, a phenomenon known as transstimulation (Christensen, 1975) . Amino acid transport systems corresponding to A and L have been described in a wide variety of animal cell types (Guidotti et al., 1978; Shotwell et al., 1983~) . A second Nat -dependent transport Abbreviations used: CHO, Chinese hamster ovary; kb, kilobases. system has been characterized in many animal cells. This system prefers substrates such as alanine, serine and cysteine, and has been designated System ASC (Christensen, 1975) . System ASC does not accept N-methylated substrates. Although this system is much less prominent than System A in transformed cells, such as Ehrlich ascites tumour cells, it is the most prominent Na+ -dependent transport system in cultured animal cells, such as Chinese hamster ovary (CHO) cells (Shotwell et al., 1981) . It appears that transformation of cells leads to a de-repression of the activity of System A, so that it becomes the major Na+-dependent route of amino acid transport in transformed cells. Fig. 1 presents, diagrammatically, the discrimination of the transport systems for several of the neutral amino acids in CHO cells. The bar for each amino acid represents 100% of its initial rate of uptake, which has been divided to show the contributions of the various transport systems. System A represents that portion of the Na+-dependent uptake of an amino acid that is inhibited by 25 m~-N-methyl-2-aminoisobutyric acid. System ASC represents the balance of the Nat -dependent uptake. System L represents the Natindependent uptake of an amino acid that can be inhibited by 10 m~-2-aminobicyclo-[2,2, I]-heptane-2-carboxylic acid. The rest of the uptake has been referred to as non-saturable. As shown in Fig. I , most of the amino acids have multiple routes of entry. Although, in many cases, these are minor routes of entry, they complicate the use of genetic approaches.
Regulation of System A by amino acid availability
When animal cells are incubated in vitro in amino acidfree medium, amino acid transport activity is increased. This response has been referred t o as adaptive regulation, or starvation-induced transport enhancement. The increased transport activity is primarily in System A (Gazzola et al ., 1972; Riggs & Pan, 1972) . The addition of System A amino acids to the medium prevents the de-repression of the transport activity. This starvation-induced increase in transport activity results from an increase in the VmaX of uptake by System A, with no significant change in the K , of uptake. The addition of higher levels of System A amino acids to the growth medium results in a repression of the uptake of these amino acids. The regulation of System A has been described in many cell types (Gazzola et al., 1972; Riggs & Pan, 1972; Shotwell & Oxender, 1983; Moffett & Englesberg, 1984) . The mechanism of regulation is unclear, but appears to require protein synthesis and a trans-acting component (Moffett & Englesberg, 1984 contributions by the three transport systems Cells were plated and grown in minimal essential medium at 37°C. The cells were then assayed for the uptake of 0.2 mM of the indicated amino acid for 1 min at 37' C. The total uptake was divided into the individual transport components, as described in the text. The components are expressed as a percentage of the total uptake in Na' -containing buffer. Asterisks indicate statistically insignificant values. Abbreviations: MeAIB. N-methyl-2-aminoisobutyric acid; AIB. 2-aminoisobutyric acid; BCH, 2-aminobicyclo-[2,2, I]-heptane-2-carboxylic acid; NS, non-saturable component. The values are the means of three determinations. From Oxender et at. (1985) .
Regulution 01' S,vstem L by leucine nvuilubility
System L activity is not significantly affected by complete starvation for amino acids, in contrast to the results found for System A (Guidotti et al .. 1978) . System L activity will respond to severe starvation for the amino acid leucine. The external leucine level must be below I O~M before System L activity is significantly de-repressed . We have used a CHO cell line with a temperature-sensitive leucyl-tRNA synthetase mutation to study the regulation of leucine transport (Moore et ul., 1977) . This cell line grows normally at 34 C, but is unable to grow at 38°C or 39°C because, at these temperatures, the leucyl-tRNA synthetase is unable to charge the leucyl-tRNA with leucine. The inability to charge the leucyl-tRNA apparently serves as a signal for de-repression of System L transport activity.
Starting with the temperature-sensitive cell line CHO-tsH 1, we were able to select regulatory mutants for System L. The CHO-tsH 1 cells were exposed to mutagen and placed at the non-permissive temperature of 38.5' C. The temperatureresistant survivors showed a two-to three-fold increase in leucine transport activity that was insensitive to leucine concentrations in the medium. The constitutively de-repressed transport activity resulted from an increase in the maximum velocity of System L transport activity with no appreciable change in the K , value (Shotwell et ul., 19836) . The properties of these regulatory mutants for System L suggest that a repressor-like component may operate in the regulation of leucine transport. These mutants are extremely sensitive to leucine and its analogues, since System L transport activity is high. They have been used to select transport-defective mutants for System L by using a high specific activity ['HIleucine-suicide method (Oxender et nl., 1985) . These transport mutants are unable to grow at 39°C because of the greatly decreased V,,,, of System L transport.
Transfer of System L uctivity,from human tells into Chinese hamster over.y cells
The availability of mutant CHO cell lines that are defective in leucine transport and its regulation allow us to transfer human DNA sequences into the CHO mutant cells, and select for complementation of the transport defects. We have used two methods to transfer the human DNA sequences into the CHO cells. The first method involved creating cell hybrids by fusing human leucocytes with a temperaturesensitive leucyl-tRNA synthetase CHO mutant (Lobaton et ul., 1984) . These human-hamster hybrid cells were allowed to grow at 39°C to allow preferential segregation of human chromosomes not required to produce the temperature-resistant phenotype. We were able to isolate humanhamster hybrid cells that had increased System L transport activity with no change in the transport Systems A and ASC. The increased transport resulted from a two-to threefold increase in the maximum velocity of System L transport. The internal steady-state levels of eight of the essential amino acids, which are largely transported by System L, were elevated several-fold in these hybrids. Cytogenetic analysis of the hybrids showed the presence of four human chromosomes, 4, 5, 20 and 21. To identify which of these 619th MEETING. CAMBRIDGE chromosomes was responsible for the increased System L transport activity. we grew the hybrid cells at the permissive temperature of 34°C in the presence of sub-lethal levels of colcemid. An analysis of the segregants showed that the loss of high leucine transport activity and some of the temperature resistance was correlated with the loss of human chromosome 20. Much of the temperature resistance of the hybrids was correlated with the loss of human chromosome 5, which was known to contain the gene for leucyl-tRNA synthetase. The presence of chromosomes 20 and 21 was determined by enzyme marker analysis. The marker enzymes for human chromosomes 20 and 21 are adenosine deaminase and superoxide dismutase. respectively. These studies established that elevated expression of System L transport activity in the hamster-human cell hybrids is associated with human chromosome 20 (Lobaton et al., 1984) . We were also able to isolate a hybrid cell line with two copies of chromosome 20. which showed higher leucine transport activity than a hybrid cell line with only one copy of human chromosome 20. suggesting a gene dose effect.
The second method we are using to transfer human DNA into CHO cells is the transformation of the temperaturesensitive CHO-025Cl cell line with a cosmid library constructed from total genomic human DNA. The cosmid library was prepared by Lau & Kan (1983) using the pCVl08 cosmid vector. which also contains two antibioticresistant genes. one leading to resistance to a cytotoxic glycoside. G4l8, in mammalian cells, or resistance to kanamycin in Esc*herir.hia coli. and the other providing ampicillin-resistance when transformed into E. coli . CHO transformants were first selected by resistance to the compound (3418. The surviving colonies were then subjected to a second selection at an elevated temperature (37.5"C) and a low level of leucine (0.1 mM). Stable survivors were assayed for leucine transport activity. We obtained two classes of temperature-resistant transformants. One class had elevated leucine transport activity, suggesting the transfer of a human cosmid that was responsible for increased System L activity. A second class showed no increase in transport activity and was not characterized further, although it is possible that this class had received the human gene coding for the normal leucyl-tRNA synthetase. Human sequences could be rescued from the high-transport transformants by subjecting total genomic DNA preparations from these cells to a lambda phage packaging system in vitro. The lambdapackaged rescued cosmids were transduced into E. coli giving rise to kanamycin-and ampicillin-resistant colonies. The DNA of several of these cosmids has been prepared and characterized. They generally contain 40-45 kb of human DNA. Some of these are currently being screened by retransforming the CHO-025Cl cell line to determine if the rescued cosmids carry the human genes which code for System L transport activity (El-Gewely & Oxender, 1985) . The identification and isolation of the human gene for System L transport activity should readily lead to the identification of the gene product.
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The liver is the major site of amino acid metabolism in mammals. Excess amino acids entering from the portal circulation are metabolized in the liver with the production of urea and glucose. In addition, the liver receives considerable quantities of certain amino acids, in particular alanine and glutamine, as end products of muscle nitrogen metabolism. The liver metabolizes all the naturally occurring amino acids at significant rates with the exception of the branchedchain amino acids, which are mainly degraded in the muscle. In general, the K, values for amino acids for the enzymes which initiate amino acid breakdown are in excess of 5 mM, while the plasma concentrations of amino acids are in the range 0.1-0.5 mM.
Abbreviations used: MeAl B, N-methyl-2-aminoisobutyric acid; AIB. 2-aminoisobutyric acid.
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The transport of amino acids across the liver cell plasma membrane has long been recognized as a potential control point for amino acid metabolism. The availability of isolated hepatocytes has allowed an intensive study of the kinetics and mechanism of amino acid transport over the past ten years and amino acid transport in isolated hepatocytes has recently been the subject of a number of comprehensive reviews (Kilberg, 1982 (Kilberg, , 1986 Shotwell et al., 1983; Kilberg et al., 1985) . This paper will concentrate mainly on the regulation of transport in relation to hepatic amino acid metabolism.
Analysis of the systems responsible ,for amino acid trunsport in hepatocytes
The transport of amino acids into hepatocytes has been analysed using the approach originally applied to Ehrlich ascites cells by Oxender & Christensen (1963) . The transport of many amino acids is Na+ -dependent, and the substrates are accumulated against a concentration gradient. Na+ -dependent transport is mediated by a number of different
